Sugar/H ؉ symport by lactose permease (LacY) utilizes an alternating access mechanism in which sugar and H ؉ binding sites in the middle of the molecule are alternatively exposed to either side of the membrane by sequential opening and closing of inward-and outward-facing hydrophilic cavities. Here, we introduce Trp residues on either side of LacY where they are predicted to be in close proximity to side chains of natural Trp quenchers in either the inward-or outward-facing conformers. In the inward-facing conformer, LacY is tightly packed on the periplasmic side, and Trp residues placed at positions 245 (helix VII) or 378 (helix XII) are in close contact with His-35 (helix I) or Lys-42 (helix II), respectively. Sugar binding leads to unquenching of Trp fluorescence in both mutants, a finding clearly consistent with opening of the periplasmic cavity. The pH dependence of Trp-245 unquenching exhibits a pKa of 8, typical for a His side chain interacting with an aromatic group. As estimated from stopped-flow studies, the rate of sugarinduced opening is Ϸ100 s ؊1 . On the cytoplasmic side, Phe-140 (helix V) and Phe-334 (helix X) are located on opposite sides of a wide-open hydrophilic cavity. In precisely the opposite fashion from the periplasmic side, mutant Phe-1403 Trp/Phe-3343 His exhibits sugar-induced Trp quenching. Again, quenching is pH dependent (pKa ‫؍‬ 8), but remarkably, the rate of sugar-induced quenching is only Ϸ0.4 s ؊1 . The results provide yet another strong, independent line of evidence for the alternating access mechanism and demonstrate that the methodology described provides a sensitive probe to measure rates of conformational change in membrane transport proteins.
T he lactose permease of Escherichia coli (LacY) is a galactopyranoside/H ϩ symporter that belongs to the Major Facilitator Superfamily (MFS) of membrane transport proteins (1, 2) . LacY is arguably the most extensively studied, ion-coupled, membrane transport protein (3) (4) (5) (6) (7) . Several X-ray structures (8) (9) (10) reveal an inward-facing conformation with a tightly packed, closed periplasmic side, and a large hydrophilic cavity open to the cytoplasm with sugar-and H ϩ -binding sites in the middle of the molecule. Although an outward-open conformation has not yet been obtained crystallographically, it is well-documented that LacY undergoes conformational changes upon sugar binding that lead to closing of the cytoplasmic cavity and opening of a relatively large hydrophilic periplasmic cavity. Thus, underestimates of cross-linking distances in the inward-facing structure (11) , site-directed alkylation (12) (13) (14) , single-molecule Förster resonance energy transfer (15) , double electron-electron resonance (16) , and site-directed thiol crosslinking (17) all provide independent evidence that sugar binding induces an outward-facing conformation with a large periplasmic opening and closure of the inward-facing cavity. However, steadystate measurements do not reveal the sequence of events nor the rates at which these changes occur. But notably, presteady-state studies of purified, solubilized LacY (18) show that galactoside binding is very rapid and followed by slower conformational changes.
Membrane transporters contain multiple Trp residues located predominantly at the interface of the phospholipid bilayer that are important for insertion and stability of these proteins (19) (20) (21) (22) . However, functionally important Trp residues are found in the binding sites of different transport proteins where they are involved in stacking or -interactions (23) (24) (25) (26) (27) (28) (29) . Soluble sugar-binding proteins (30) (31) (32) , as well as two sugar transport proteins, contain Trp (8) or Tyr (33) residues that undergo aromatic interactions with sugar in the binding site. The fluorescent properties of Trp make it valuable as an intrinsic reporter group in proteins (34, 35) . In particular, quenching of Trp fluorescence by other amino acyl side chains is well studied. His and Cys are effective collisional quenchers by a mechanism involving electron transfer (36) . Furthermore, Trp quenching by His is pH dependent, since the protonated form of the imidazole is required (37) (38) (39) . Although less effective, other amino acid residues such as Lys can quench Trp fluorescence by a mechanism that involves H ϩ transfer (36) . LacY has six Trp residues mostly positioned at the interface of the phospholipid bilayer (Fig. S1 ). Only Trp-151, which is critical for maximum sugar affinity (40) , is located in the middle of LacY at the apex of the open hydrophilic cavity in the inward-facing conformation (8) (9) (10) . Aromatic residues homologous to Trp-151 in LacY are a common feature in many MFS sugar transporters (41) . Experiments with single-Trp-151 LacY demonstrate that sugar binding results in blue shift of the fluorescence spectrum reflecting an increase in the hydrophobicity of the local environment. There is also a red shift in the phosphorescence spectrum consistent with hydrophobic stacking between the surface of Trp-151 and the galactopyranoside ring (42) . Furthermore, binding of 4-nitrophenyl-␤-Dgalactopyranoside (NPG) to wild-type LacY is readily detected by Förster resonance energy transfer (FRET) from Trp-151 to the nitrophenyl moiety without removal of the other native Trp residues, while binding of galactopyranosides that do not absorb UV light [e.g., lactose, ␤-D-galactopyranosyl-1-thio-␤-Dgalactopyranoside (TDG), melibiose] has only a small effect on the fluorescence of wild-type LacY. Replacement of Trp-151 with Tyr completely abolishes Förster resonance energy transfer from tryptophan to NPG (Trp3NPG FRET), as well as the effect of other sugars on Trp fluorescence, which indicates that only Trp-151 is sensitive to sugar binding (18) .
Here, we describe the introduction of Trp as probes in LacY that change fluorescence intensity due to collisional quenching by His or Lys residues as a result of sugar-induced opening or closing of periplasmic or cytoplasmic cavities. Wild-type LacY is used as a template for introducing an additional Trp residue as the reporter, since only one of the six native Trp residues in LacY exhibits a small fluorescence change upon sugar binding. The advantages of this strategy are higher expression levels, better stability of the purified protein and higher affinity for sugars relative to LacY mutants devoid of native Trp residues (42) (43) (44) . Furthermore, stopped-flow measurement of Trp fluorescence changes after mixing LacY with sugar reveals rates of conformational changes in LacY.
Results

Introduction of Trp Residues.
As shown in Fig. 1 Left, in the inward-facing conformation of LacY, His-35 (helix I) and Asn-245 (helix VII) face each other at a point where helix I is in closest proximity to helix VII on the tightly packed periplasmic side. The side chain of Lys-42 (helix II) is also close to Phe-378 (helix XII). Structural modeling reveals that replacement of Asn-245 or Phe-378 with Trp should create His-Trp or Lys-Trp pairs in which the distance within each pair should increase when the potential periplasmic cavity opens upon sugar binding (Fig. 1 Right; Fig. 2 A  and B) . By this means, after the conformational change, Trp fluorescence should increase due to unquenching by His or Lys, respectively, in each mutant. Moreover, unquenching by His-35 should be pH dependent with the maximum effect at acidic pH, while the effect of Lys should remain at more alkaline pH values.
In contrast, on the cytoplasmic side of LacY, Phe-140 (helix V) and Phe-334 (helix X) are on opposite sides of a wide open hydrophilic cavity (Fig. 1 Left) , but the two highly conserved residues should come into close contact as a result of sugar binding and closing of the cytoplasmic cavity (41) . Therefore, replacement of Phe-140 with Trp and Phe-334 with His should generate a His-Trp pair that exhibits sugar-induced quenching of Trp fluorescence as the cavity closes (Fig. 1 Right; Fig. 3A ), and the effect should prevail at acidic pH.
LacY mutants N245W, F378W, and F140W/F334H express as well as the wild-type protein in the membrane (typical yield of purified proteins is Ϸ0.1 mg/g wet cells). Furthermore, the mutants exhibit at least half the lactose transport activity of the wild-type (Fig. S2) , indicating that the mutations do not markedly affect either the structure or function of LacY.
Effect of Sugar Binding on Trp Fluorescence. The steady-state Trp f luorescence emission change upon addition of sugars to periplasmic mutants compared with wild-type LacY is shown in Fig. 2C . As predicted, there is a clear and specific effect of TDG binding on the Trp fluorescence of all three proteins, and no effect is observed upon addition of buffer or sucrose, which does not bind to LacY (Fig. 2C) . A large increase is observed with mutant N245W (trace 3), a lesser effect with mutant F378W (trace 2), and a small change is exhibited by wild-type LacY (trace 1). Trp-151 is likely responsible for the small change observed with the wild-type (42) . The much larger fluorescence changes in the mutants most likely result from TDG-induced opening of the periplasmic cavity, which increases the distance between the Trp introduced and native quenchers in mutants H35/N245W and K42/F378W.
In contradistinction to the changes observed on the periplasmic side of LacY, Trp fluorescence of mutant F140W/F334H on the cytoplasmic side exhibits a significant decrease upon addition of TDG (Fig. 3B, trace 3 ) that is not observed with either wild-type LacY (trace 1) or mutant F140W (trace 2). Thus, fluorescence quenching in mutant F140W/F334H is explained most readily by closure of the cytoplasmic cavity. The relatively small decrease in fluorescence observed with the latter two samples is due to the small increase observed with the wild-type protein (Fig. 2, trace 1 ) plus the effect of dilution. Note also, that the affinity of the double mutant for TDG is approximately four to five times lower than that of the wild-type protein, which accounts for the higher TDG concentrations used. All three proteins show a similar dilution effect after addition of buffer or sucrose (open arrow). Although mutant F140W does not exhibit a significant change in Trp fluorescence, the protein binds sugar normally, as shown by direct binding studies with NPG (Fig. S3) . Finally, none of the changes observed in the time traces is due to spectral shifts in the Trp emission maxima of the LacY mutants.
Protonated His Residues Are Quenchers of Trp-245 and Trp-140.
Because only the protonated form of His acts as a Trp quencher (36, 38, 39) , the effect of pH on the sugar-induced Trp fluorescence changes with periplasmic mutant N245W and cytoplasmic mutant F140W/F334H was tested (Fig. 4) . To study the effect of TDG on mutant N245W without the fluorescence increase observed in wild-type LacY, Trp-151 was replaced with Tyr. At pH 6.0, addition of 5 mM TDG (Fig. 4A ) results in a marked increase in Trp fluorescence for mutant W151Y/N245W (trace 1). A further increase is observed after another addition of TDG, which is consistent with the decrease in sugar binding affinity of mutant W151Y (40) . No TDG effect is observed under the same conditions for mutant W151Y without replacement of Asn-245 with Trp (trace 3). There is also no change in Trp fluorescence after TDG addition at pH 9.0 with mutant W151Y/N245W (trace 2). Importantly, the absence of a TDG effect on Trp fluorescence in either mutant W151Y or mutant W151Y/N245W at pH 9.0 (traces 2 and 3) is not due to lack of sugar binding (see Fig. S4 ). The effect of pH on TDG-induced unquenching of Trp fluorescence with mutant W151Y/N245W exhibits a titration curve with a pK a ϭ 8.0 Ϯ 0.1 (Fig. 4B) , which is expected for a protonated imidazole-aromatic interaction (38) . The effect of pH on TDG-induced unquenching of Trp-378 was also tested, and there is only a 2-to 3-fold decrease in fluorescence at pH 9.0 relative to pH 5.5, suggesting that the effect may be due to Lys-42 (Fig. S5) .
A similar effect of pH on Trp fluorescence quenching is observed for mutant F140W/F334H on the cytoplasmic side of LacY (Fig. 4C) . As a result of TDG binding, the His residue at position 334 quenches Trp fluorescence best at pH 5.5 (trace 1), with a smaller effect at pH 8.5 (trace 2), and practically no change at pH 9.0 (trace 3), although sugar binding is not affected by alkaline pH (Fig. S3) . The pK a value for the effect is also approximately 8 (Fig. 4D) .
Rates of Conformational Change on the Periplasmic Side. When the Trp fluorescence changes are measured by stopped-flow, both periplasmic mutants F378W (Fig. 5A) and N245W (Fig. 5B ) exhibit increases in Trp emission intensity after mixing with TDG at relatively slow rates (traces 2, 3), and no effect is (Fig. S6A) . Moreover, both mutants bind sugar at rates comparable to wild-type LacY (210-298 s Ϫ1 at 0.1 mM NPG), as measured directly by Trp1513NPG FRET (Fig. S6) .
The rate of conformational change on the periplasmic side was also measured after replacing Trp-151 with Tyr. Mutant W151Y mixed with TDG does not show any detectable fluorescence change (Fig. 6A, trace 1) . However, mixing of mutant W151Y/F378W with TDG under the same conditions results in increasing Trp fluorescence at a rate of 108 s Ϫ1 (Fig. 6A, trace 3) , while sucrose has no effect (Fig. 6A, trace 2) . Mutant W151Y/N245W also exhibits Trp unquenching (Fig. 6B ) with a clear effect of pH on the amplitude of fluorescence increase. The biggest effect is observed at pH 6.0 (trace 1), a much lesser effect at pH 9.0 (trace 2), and no effect at pH 10.0 (trace 3). The rates of fluorescence change estimated at pH 6.0 and 9.0 are 92 and 91 s Ϫ1 respectively, and are practically identical with the rates shown in Fig. 5 . Notably, mutant W151Y/ N245W exhibits Trp3NPG FRET, while mutant W151Y with only five native Trp residues does not show any measurable Trp3NPG FRET (Fig. S7 and Fig. S8 ). The rate of NPG binding with mutant W151Y/N245W determined by stopped-flow (320 s Ϫ1 , Fig. S8B ) is similar to the rate observed with wild-type LacY (298 s Ϫ1 , Fig.  S6A ), which is consistent with the location of Trp-245 within FRET distance from bound NPG (18) .
Rates of Conformational Change on Cytoplasmic Side. Mutant F140W with native Phe-334 does not exhibit any TDG-induced change in Trp fluorescence, and stopped-flow traces after mixing with TDG are indistinguishable from those after dilution with buffer (Fig. 7, traces 1 and 2) . However, sugar binding to this mutant is normal, as detected by Trp1513NPG FRET (Fig. 7,  trace 3 ). The slow Trp fluorescence decrease on the 10-s scale is similar for all traces and results from photo-bleaching. Introduction of His at position 334 leads to significant changes in the stopped-flow traces (Fig. 8) . Although mixing of mutant F140W/ F334H with sucrose shows identical stopped-flow traces as mixing with buffer (Fig. 8A, traces 1 and 2) , sugar binding leads to quenching of Trp fluorescence on the 10-s scale (Fig. 8A , races 3, 4, and 5 for melibiose, TDG or NPG, respectively). Rates of quenching estimated after subtraction of trace 1 (mixing with buffer) from traces 2, 3, 4, and 5 (mixing with given sugars) are shown in Fig. 8B . Trp fluorescence quenching results from closure of the cytoplasmic cavity, and as expected, the rate is independent of the nature of the bound galactopyranoside. Thus, similar rates are observed for melibiose, TDG and NPG (0.42, 0.37, and 0.31 s Ϫ1 , respectively). The amplitude of quenching is much smaller at pH 9.0 relative to pH 5.5, while the rates are the same (Fig. S9) , which is consistent with the conclusion that quenching of Trp-140 is due to protonated His-334. NPG binds to mutants F140W/F334H and F140W with similar rates over the short-time scale (compare Fig. 7, trace 3 with Fig. 8A, trace 5 ).
Discussion
The use of Trp fluorescence as described here allows differentiation between inward and outward-facing conformations of LacY and provides strong supporting evidence for the alternating access model of the lactose/H ϩ symporter. Thus, Trp residues introduced at three different positions in wild-type LacY far from binding site are expected to be unquenched or quenched by His or Lys residues after the global conformational change caused by sugar binding. Remarkably, the results are essentially as predicted. On periplasmic side of LacY, the Trp fluorescence of mutants N245W or F378W increases as a result of TDG-induced Trp unquenching due to opening of a periplasmic cavity and an increase in distance between Trp and quenchers His-35 or Lys-42, respectively. Dramatically, on the cytoplasmic side, the opposite effect is observed, and sugar binding induces quenching of Trp fluorescence in mutant F140W/ F334H as a result of closing of the cytoplasmic cavity with a decrease in distance between Trp and His.
The effect of pH on the quenching reaction observed with mutants N245W and F140W/F334H confirms the role of a protonated His residue as the quencher. In contrast, with mutant F378W, quenching exhibits relatively little dependence on pH, suggesting that Lys-42 is the likely culprit. Interestingly, a pK a of approximately 8 is observed for mutants N245W and F140W/F334H, indicating that it is His residues that interact with Trp, but the pK a s are shifted alkaline by Ϸ1.5 pH units. This is not surprising since an aromaticϪHis interaction stabilizes the protonated form of His and thereby increases the pK a value. In barnase, the pK a of a particular His is Ϸ7.8 when it interacts with a Trp, changes to 7.1 in a mutant in which the quenched Trp is replaced with Leu, and decreases to 6.5 when the protein is fully unfolded (38) .
The stopped-flow experiments described here also allow determination of the rates of the conformational changes on both sides of LacY induced by sugar binding. Surprisingly, however, opening on the periplasmic side (100 s Ϫ1 ) appears to be much faster than closing of the cytoplasmic side (0.4 s Ϫ1 (18) have been measured for the conformational change on the cytoplasmic side, the extremely low rate of 0.4 s Ϫ1 is clearly an epiphenomenon. In any event, there are several possible explanations for the slow rate of Trp quenching on the cytoplasmic side: (i) The measurements were carried out with LacY solubilized in dodecyl-␤,D-maltopyranoside (DDM), rather than with protein reconstituted into proteoliposomes, where a membrane environment significantly accelerates movement on the cytoplamsic side of LacY (Fig. S10). (ii) The Trp residues introduced report local conformational changes resulting from direct contact with the quencher. On the periplasmic side, unquenching requires only a minimal increase in distance between Trp and the quencher. However, on the cytoplasmic side, closing of the cavity involves movement of 10-15 Å for collisional quenching to occur between a Trp at position 140 and a His at position 334 (8) (9) (10) 16) . (iii) Quenching of Trp by His requires precise orientation of the bulky side chains of the quencher and the fluorophore. This process may be much slower than the rate of closure on the cytoplasmic side that brings the ends of helices V and X into close proximity. As demonstrated by phosphorescence studies (47) , His quenching of Trp occurs over a very short range and is highly dependent upon orientation, which dramatically decreases quenching rates in proteins.
Despite the puzzling difference in the rates of conformational change on either side of LacY, the rate of approximately 100 s Ϫ1 for opening on the periplasmic side is noteworthy. From the X-ray structures of LacY (8-10) and biochemical/biophysical studies (12) (13) (14) (15) (16) (17) , as well as the findings presented here, LacY is tightly closed on the periplasmic side. Clearly, in order for transport across the membrane to occur, the molecule must open on this side to allow accessibility of the sugar to the binding site, and it seems reasonable to suggest that opening on this side may be rate limiting for the symport reaction. Although the rate of 100 s Ϫ1 for opening on the periplasmic side appears to be three to six times higher than the turnover number for LacY (45) , it is unlikely that the usual filtration methods for measuring transport yield true initial rates. Furthermore, recent experiments using the solid supported membrane electrode to measure rates of sugar binding to LacY in proteoliposomes, approximate the rate observed here for periplasmic opening (48) .
Materials and Methods
Materials. Oligonucleotides were synthesized by Integrated DNA Technologies, Inc. Restriction enzymes were purchased from New England Biolabs. The QuikChange II kit was purchased from Stratagene, TDG from Carbosynth Limited and NPG from Sigma. 2-(4Ј-maleimidylanilino)naphthalene-6-sulfonic acid, sodium salt (MIANS) was obtained from Molecular Probes/Invitrogen. Talon Superflow resin was purchased from BD Clontech. All other materials were of reagent grade obtained from commercial sources.
Construction of Mutants and Purification of LacY.
Construction of mutants, expression in E. coli and purification of LacY were performed as described in ref. 16 . All mutants contained a C-terminal 6 His-tag that was used for affinity purification with a Talon resin with a typical yield of approximately 0.1 mg protein/g wet cells. Purified proteins (10 -15 mg/mL) in 50 mM sodium phosphate (NaP i; pH 7.5/0.02% DDM) were frozen in liquid nitrogen and stored at Ϫ80°C until use.
Fluorescence Measurements. Steady-state fluorescence was monitored at room temperature on a SPEX Fluorolog 3 spectrofluorometer. Trp emission spectra were recorded with an excitation wavelength of 295 nm. Time traces were recorded with excitation and emission wavelengths of 295 and 330 nm, respectively. Small aliquots of buffer or sugars were added to 2 mL of protein solution in 0.02% DDM/50 mM of given buffers. The buffers used were citrate-NaP i (pH 5.5 or 6.0), NaPi (pH 7.5), or AMPSO (pH 8.5 or 9.0), and CAPS (pH 10.0). Stopped-flow measurements were performed on a SLM-Aminco 8100 spectrofluorimeter modified by OLIS, Inc. as described in ref. 18 at 25°C with temperature control. Equal volumes (0.2 mL) of protein (0.5-1.3 M) and sugar solutions were mixed and 7-18 traces were recorded for each data point, averaged and fitted with an exponential equation using the built-in Olis Globalworks software package or by using Sigmaplot 10 (Systat Software Inc.). All given concentrations are final after mixing.
